ABSTRACT A safe and cost-effective design of a wind turbine generator (WTG) grounding system requires accurate modeling of local soil resistivity, particularly when wind turbines are spatially distributed across a wide area with different soil types and features. In this paper, three locations at an Australian wind farm were modeled based on measured data. Four soil resistivity models were considered: uniform, multilayer horizontal, vertical, and exponential variation with depth. Full-wave electromagnetic simulations were performed at different lightning discharge current frequencies to find the expected ground potential rise and WTG earthing impedance in the event of a lightning strike. Furthermore, the effect of frequency dependent soil parameters on the WTG earthing was analyzed, along with the effect of foundation rebar on the grounding impedance. Our results show that an accurate soil resistivity model is critical in the design of a WTG earthing system.
An effective grounding system design for WTGs ensures that the equivalent earthing resistance, local ground potential, and step and touch voltages are minimized for safe, reliable and cost-effective operation of the system [3] , [5] . Furthermore, robust WTG grounding systems reduce the effects of soil ionization [6] . However, in order to achieve this, a pivotal requirement is an accurate soil resistivity measurement and interpretation to determine the soil structure where WTGs are being located [7] .
Data from soil resistivity measurements for WTGs are usually fitted to one of a series of standard models [8] . Common models assume either uniform soil resistivity, multi-layer (i.e., step-wise) horizontally-varying resistivity, multi-layer vertically-varying resistivity or exponential vertically-varying resistivity [9] . The extant literature presents various soil models for the interpretation of soil resistivity measurements at power frequencies and without an actual local resistivity measurement. Thus a detailed comparison of assessments from different soil models with actual field tests and measurement under both power frequencies and frequencies resulting from lightning current energisation are pivotal to accurately represent realistic resistivity values, for safe and effective operation of WTGs [10] .
Attempts to address the topic in the literature have so far been piecemeal in nature. Cotton [11] presented a wind farm earthing system with a uniform soil resistivity of 500 m, which is not a representative value in practice [3] . Lorentzou and Jenkins [12] also analyzed a wind farm earthing system with a uniform soil resistivity value of 100 m. Visacro [13] considered the reaction of grounding systems to lightning discharge currents by considering a uniform soil resistivity value. Although Kontargyri et al. [3] presented a detailed study on wind farm earthing systems, it was conducted at the power frequency only without considering lightning discharge current energisation. Kontargyri et al. considered uniform, horizontal two and three-layer soil structures for analyzing the wind farm grounding system. Further, Alipio and Visacro [14] performed an analysis of wind turbine grounding performance for lightning discharge currents with frequency dependent soil parameters. However, this study did not consider multi-layer soil structures.
A common theme in the existing literature is the assumption of uniform soil resistivity, which is unrealistic in practice as measured soil resistivity can vary both horizontally and vertically [1] . Weather conditions [15] , especially humidity levels [16] , [17] , can also cause soil resistivity to change throughout the year. Inaccurate specification of the dimension and length of earthing electrodes, which are based on the estimated value of soil resistivity, can lead to significant errors in the design of an effective grounding system for a wind turbine. Finally, most studies have neglected frequency dependent soil parameters for wind turbine grounding design. It is reported that errors of up to 60% are observed with fixed values of soil parameters [14] .
The IEEE-80 standard [18] recommends the use of a twolayer soil model for locations with non-uniform soil resistivity. However, wind turbines are located where soil resistivity varies greatly with different electrode spacing, depth, and traverses. Also, wind turbine foundations are about 2-3 meters below the soil surface with a small foundation radius [19] . This makes it challenging to interpret soil resistivity in order to design a safe and cost-effective grounding system. The effect of soil models on the WTG grounding impedance is analyzed in this work. Also, the installation of earthing electrodes is a critical factor in the WTG earthing system and is also addressed in this work.
Moreover, the consideration of rebar (The steel structure used in the wind turbine foundation) in the WTG grounding system is very important as the metallic components share the lightning discharge currents [20] . This is critical at highfrequency components of the lightning discharge currents because of the inductance. This work analyses the effect of metallic components on the WTG grounding system. The effect of concrete and its related resistivity are not considered.
The contribution of this paper is to fit measured data from WTG sites in Australia to various soil resistivity models and report the effect on WTG earthing impedance. Fullwave electromagnetic simulations were performed using the CDEGS software package [21] to determine the GPR and WTG earthing impedance for different soil structures and lightning discharge current frequencies. Also, the effect of frequency dependent soil parameters on the WTG grounding was analyzed. In addition, the effect of earth electrodes installation for a horizontal multi-layer soil model and the effect of WTG foundation metallic components in the earthing system was analyzed. Results show that the interpretation of measured soil resistivity values has a significant effect on the design of a wind turbine earthing system.
I. SOIL RESISTIVITY MEASUREMENT AND INTERPRETATION
To illustrate the differences between soil models a series of soil resistivity measurements from three different sites across Australia are presented in this paper. The measurements were obtained using the Wenner method [15] , where four equally-spaced electrodes were buried with a current injected through the outermost electrodes and the potential difference recorded between the innermost electrodes so as to calculate resistance, R. Measurements were taken at points along two perpendicular traverses of each site to allow accurate estimation of the underlying soil structure [22] . Each measurement was repeated three times in quick succession by the same equipment and averaged to ensure the captured data were representative of the actual conditions at each site on the day and time of measurement. The apparent soil resistivity, ρ, was calculated from R using equation (1) :
where b is the depth of the electrode in the ground, and a is the spacing between the electrodes, which was varied between 0.5 m and 200 m. Data from the soil measurement campaign are summarized in Table 1 .
A. INTERPRETATION OF SOIL RESISTIVITY MEASUREMENTS
The fitting of measured values to a soil model is critical in the design of an earthing system. The aim is to derive a soil structure that best represents the actual soil [8] .
The most common and easy to approximate model is the uniform soil model [23] , in which a single layer with an infinite thickness and a constant resistivity value is assumed. The uniform soil resistivity ρ is calculated by averaging all the measured resistivity values as given in equation (2) .
where ρ a (1) , ρ a(2) ,... ρ a(n) are the measured apparent soil resistivity values at different electrode spacings and n is the total number of measurements.
The uniform soil resistivity model is seldom a realistic approach due to the tendency of soil resistivity to vary both horizontally and vertically due to soil stratification. A more sophisticated model is a two-layer soil model, which is a commonly used approximation to represent the soil structure [24] .
A two-layer soil model is characterised by a top layer with a resistivity ρ 1 and a thickness h, and a bottom layer with ρ 2 as resistivity and semi-infinite thickness. The change in the soil resistivity at the layer boundary is described by means of a reflection factor, k, which is defined in equation (3) .
There are several analytical and graphical methods in the literature to determine the parameters of a two-layer soil structure. Equation (4), presented in IEEE-81 [25] is one such method:
here ρ(a) is the apparent soil resistivity and a is the spacing between the electrodes. In the case of soil with highly non-uniform conditions, a multilayer soil model gives a better approximation of the soil. A three-layer soil model is described by three horizontal layers with soil resistivity of ρ 1 , ρ 2 and ρ 3 and with a thickness of h 1 , h 2 and ∞. In addition, other commonly used soil structures are vertical and exponential soil models. When the boundary layer separating the soil resistivity regions is not horizontal, but with an inclination angle of 90 • , this is referred to as a vertical two-layer soil structure. The apparent resistivity ρ(a) for this model can be calculated from equation (5) .
where ρ 1 is the resistivity of the region on one side of the vertical layer separation, ρ 2 is resistivity of the region on the opposite side of the vertical layer separation, h is the distance from the center of the array direction and the vertical separation, and ω is the angle of the array direction to the vertical line.
Soil structure with resistivity changing exponentially with depth is referred to as exponential variation with depth soil model. The apparent soil resistivity is represented by equation (6) .
where ρ(a) is measured apparent resistivity, ρ 1 is resistivity on the soil surface, ρ 2 is the resistivity of the deepest part, and λ is a scaling coefficient.
The RMS error was used to evaluate the soil model fitting from the measured values. The RMS error provides a quantitative indication of the agreement between the measurements and the proposed soil models.
II. FREQUENCY DEPENDENT SOIL PARAMETERS
The behaviour of an earthing system exposed to lightning discharge currents is a complicated issue. The response of the earthing system depends greatly on the soil parameters, specifically on soil resistivity and permittivity [26] . Generally, the permeability of the soil has identical values to that of air. However, experimental results show that the resistivity and relative permittivity exhibit strong frequency dependence [26] . This is critically important for lightning discharge currents, which have high-frequency components. It has been reported that neglecting the frequency dependence of soil resistivity and relative permittivity results in ground potential rise being overestimated by up to 60% [14] . This is due to a historical lack of accurate formulations to represent the frequency dependency of soil parameters. Recently Alipio and Visacro [14] proposed frequency dependent soil parameter formulae, shown in equations (7) and (8), which can be helpful in the proper grounding system design of WTGs from a lightning protection viewpoint.
where ρ 0 is the soil resistivity at 100 Hz, ρ is the soil resistivity at required frequency, f is the frequency, and r is the frequency dependent relative permittivity of soil. Equation (7) is valid from 100 Hz to 4 MHz. The soil resistivity for frequencies lower than 100 Hz should use the value of 100 Hz and beyond 4 MHz should use the value at 4 MHz. Equation (8) is valid from 10 kHz to 4 MHz. The relative permittivity for frequencies lower than 10 kHz should use the value of 10 kHz and beyond 4 MHz should use the value at 4 MHz.
III. WIND TURBINE GENERATOR EARTHING
The earthing system is an important component to maintain the physical integrity of a structure and protect human safety [27] . The literature on lightning protection of wind turbines is largely concentrated on the design of wind turbine blades; however, an appropriate earthing system is critically important in the lightning protection system of a WTG [27] .
According to IEC 61400-24 [5] , an earthing resistance of less than 10 should be achieved for a WTG before connecting it to the rest of the wind farm. This is typically achieved by including rebar in the WTG foundation and using a ring earth electrode and additional horizontal and vertical electrodes [5] . It should be noted that IEC 61400-24 [5] recommends interconnecting WTG grounding systems and this can further reduce low-frequency impedance [28] . A three dimensional perspective view of the WTG foundation modelled for this work is shown in Fig. 1 .
IV. LIGHTNING DISCHARGE CURRENT
The lightning discharge current parameters vary with the lightning protection level (LPL) required for a wind turbine. The required LPL is chosen by performing a risk assessment for an individual wind turbine. If a risk assessment cannot be completed for individual wind turbines, the IEC 61400-24 standard [5] recommends the lightning protection system be designed to LPL-1. Hence, the lightning discharge current parameters of LPL-1 were considered for this analysis.
Time domain lightning discharge current waveforms were converted to frequency domain and simulations were performed in the frequency domain at different prominent frequencies. Four frequencies viz. 5 kHz, 1 MHz, 4.52 MHz, and 10.54 MHz were considered for this work. A peak current of 100 kA was used for the simulations. As the lightning discharge currents contain a wide frequency spectrum [29] , it is important to understand the significance of individual frequency component. The initial rise time of the lightning discharge currents is represented by high-frequency components and the fall time and steady state response are represented by the low-frequency components. The 5 kHz and 10.54 MHz frequencies represent the dominant frequencies at half values during fall time and rise time, respectively, of the lightning discharge current waveform. 1 MHz represents the predominant frequency at the peak value of the lightning current and 4.52 MHz was selected for its proximity to the cut off frequency (4 MHz) of the frequency-dependent soil parameters [14] . The peak value of lightning discharge current is useful in calculating the potential distribution which in turn used to evaluate the step and touch voltages.
V. RESULTS AND DISCUSSION
The simulations were performed using different modules of the CDEGS [21] software package. The RESAP module was used for soil modeling, and the FFTSES module was used to determine the dominant frequencies of the lightning discharge current wave. The HIFREQ module was used in calculating the current, voltage and GPR in the system. HIFREQ is the computation module used in solving transient and steady state problems of buried and aboveground conductors in the frequency domain from zero to hundreds of megahertz. It evaluates electric and magnetic fields in the air and soil, also conductor and earth potentials, and the current distribution in the earth and in the conductors. The CDEGS software has been scientifically validated by field tests and compared with research publications for over forty years; it is widely accepted by industrial and consulting firms worldwide [30] . The software was used to model the complete steel structure of the WTG foundation but did not consider the effect of concrete and its related resistivity.
A. SOIL MODELS
The measured soil resistivity values at three wind turbine locations are depicted in Table 1 . The measurements were performed in two traverses in order to represent soil properties more accurately. These measured values were modelled as different soil structures defined in Section II. Table 2 depicts the soil structure models and resistivity values for wind turbine location 1, WTG-1. Similar data were calculated for all wind turbine locations for measured soil resistivities in traverse one, two and a combination of one and two. measurements and the proposed soil models. T1, T2, and T1 & T2 represent traverse-1, traverse-2 and a combination of traverse-1 & 2, respectively. For WTG-1 and T1, the RMS error for the uniform soil model is 28.02%, it is 21.41% for horizontal two-layer soil stratification, 9.58% for horizontal three-layer soil structure, 19.96% for vertical and 20.04% for exponential structures. It can be observed from the results that the percentage error is maximum for the uniform soil model and minimum for the horizontal three-layer model. The decrease in error ranges from 35% to 78%.
B. WTG EARTHING IMPEDANCE VARIATION WITH SOIL PARAMETERS
This section presents the frequency response of the WTG earthing impedance with change in soil resistivity and relative permittivity. Fig. 2 shows the WTG earthing impedance with change in soil resistivity from 10 m to 10 k m, while relative permittivity is kept constant at 10. The frequency response shows that the WTG earthing impedance for 10 m increases with frequency up to 4.52 MHz and then a dip is observed at 6 MHz. Whereas for higher soil resistivity values of 100 m and 1000 m, the impedance increases up to 3.01 MHz and reduces at 6 MHz. For 10k m soil resistivity, a decrease in impedance is observed in the initial frequency spectrum before a peak at 3.01 MHz, which then reduces to its lowest impedance at 6 MHz. However, for all the soil resistivities the WTG earthing impedance increases after 6 MHz. It is interesting to note that the deviation in impedance is minimal for soil resistivities up to 1000 m at 10 MHz. It is also observed that the inductive component of the impedance decreases with an increase in soil resistivity, as shown in Fig. 3 .
The frequency response of the WTG earthing system is analysed for different relative permittivity values of the soil. At low values of soil resistivity, the change in relative permittivity has no effect on the WTG earthing impedance throughout the frequency spectrum. Similarly, there is no change in phase angle with a variation in relative permittivity. However, for high soil resistivity value of 10k m, the variation in WTG earthing impedance is significant with the variation in relative permittivity, as shown in Figs. 4 and 5. However, there is no common trend observed in the WTG earth impedance change with variation in permittivity. Hence, it is important to consider the frequency-dependent relative permittivity while designing the wind turbine earthing system.
C. EFFECT OF SOIL LAYER
The effect of earth electrodes in different layers of soil stratification on the WTG impedance at 5 kHz frequency is analysed in this section. For the soil model with a uniform soil resistivity, the WTG earthing impedance increases with the increase in soil resistivity value, as shown in Fig. 6 . For a two-layer soil structure, two different scenarios were studied. In each scenario, two soil resistivity values and two layer thickness values are considered. In all the cases, the earthing electrodes are buried at 1 m depth from the soil surface. The layer thickness is selected in such a way that the electrodes are placed in the top and bottom layers of the soil. Firstly, the soil resistivity of the top layer was kept constant, and the bottom layer resistivity was varied.
As depicted in Fig. 6 , with 100 m top layer resistivity and earth electrodes in the top layer, the WTG earthing impedance increases with increase in the bottom layer resistivity value up to 1000 m and then it is constant with further increase in bottom layer resistivity. However, when the earth electrode is in the bottom layer, the impedance increases continuously with increase in bottom layer resistivity. A similar phenomenon is observed for the top layer soil resistivity of 1000 m.
In the next scenario, the resistivity of the bottom layer remains constant, and the top layer resistivity is varied. It can be observed from Fig. 7 that with 100 m bottom layer resistivity and the electrode in the top layer the WTG earthing impedance is constant with an increase in the top layer resistivity. When the earth electrode is in the bottom layer, This analysis shows that the uniform soil model results in higher earthing impedance compared to a horizontal multilayer soil model irrespective of the earth electrode position in the soil layers. This is due to the lower soil resistivity of the second layer where the earth electrodes and most of the WTG rebar are installed. Moreover, it is the soil resistivity of the bottom layer which has a predominant role in the overall earthing impedance due to the uniform distribution of electric fields.
D. EFFECT OF FREQUENCY DEPENDENT SOIL PARAMETERS
The effect of frequency dependent soil parameters is studied in this section. The WTG earthing impedance is strongly dependent on soil resistivity and relative permittivity of the soil. As discussed in Section III, the soil resistivity and relative permittivity changes with frequency. Lightning discharge currents comprise high frequency-components, for which frequency dependency is critical in determining the impedance. Moreover, the variation in relative permittivity has a significant influence on the WTG earthing impedance.
Three different cases are considered for this analysis. In the first case, the relative permittivity is constant at all frequencies, and the soil resistivity is a frequency dependent value. Soil resistivity values of 25 m, 250 m, and 2500 m are considered. For 25 m, the impedance increases with frequency although the soil resistivity decreases with frequency. This is due to the increase in both resistive and reactive components of ground potential with an increase in frequency. In the case of 250 m soil resistivity, the impedance increases to 3 MHz and then decreases at 4.52 MHz, and again rises at 10.54 MHz. As depicted in Fig. 8 , for a soil resistivity of 2500 m, the WTG earthing impedance varies randomly with frequency. There is no common trend observed at higher soil resistivity values. The random behaviour is due to the change in soil resistivity, and the behavior of the WTG earthing system at different frequencies. It is observed, at lower frequencies, the earthing system is resistive, and is reactive (inductive or capacitive) at higher frequencies.
In the next scenario, the soil resistivity is frequency independent, and the relative permittivity is frequency dependent. It is observed from Fig. 9 , that the relative permittivity has an influential role for high soil resistivity sites. The WTG earthing impedance at 250 m is higher than 2500 m after a frequency of 3 MHz. The decrease in relative permittivity with an increase in frequency, changes the earthing system behaviour, specially the capacitive reactance, which determines the earthing system behaviour at individual frequencies.
In the final scenario, both soil resistivity and relative permittivity are frequency dependent. From the results, it is observed that the change in WTG earthing impedance with frequency dependent soil parameters is significant at high soil resistivity locations. From Fig. 10 , for an increase in frequency from 1 MHz to 3 MHz, the increase in WTG earthing impedance is up to two times for 2500 m soil resistivity. From 3.01 MHz to 4.52 MHz impedance halves. Again, the increase in impedance from 4.52 MHz to 10.54 MHz is more than double. The variation of both soil resistivity and relative permittivity with frequency is the practical scenario. Hence, it is critical to consider the frequency dependent soil parameters for designing the WTG earthing system.
E. WTG IMPEDANCE
This section presents the frequency response of the WTG earthing impedance for three wind turbine locations at different scenarios. The WTG earthing impedance for different soil structures is compared in all the scenarios. The uniform, horizontal two-layer, and three-layer soil structures, modelled in Table 3 , are compared.
In the first case, a comparison of WTG earthing impedance with and without the connection of rebar to the earthing system is performed. As depicted in Fig 11, the connection of rebar to the WTG earthing system reduces the impedance significantly. This is the case regardless of which soil model is used. For uniform soil resistivity, at a frequency of 5 kHz, the impedance reduces from 26.83 to 17.07 . For the case of horizontal two-layer and three-layer, the WTG earthing impedance reduces from 10.8 to 9.12 and 10.06 to 8.74 , respectively. However, at higher frequencies, the reduction in impedance is more prominent up to 76%. The change in impedance by the connection of rebar to the earthing system is due to the lightning down conduction current being shared by the metallic component of the rebar. However, a lower reduction of impedance for horizontal twolayer and three-layer structures at 5 kHz is mainly due to the very high soil resistivity of the top layer.
In the second scenario, the frequency response of WTG earthing impedance for frequency independent soil parameters with ring electrode connected to rebar is analysed for uniform, horizontal two-layer, and three-layer soil structures. As shown in Fig. 12 , for WTG-1-T1, a change from a uniform to a horizontal two-layer soil structure decreases impedance from 19.06 to 16.69 at 5 kHz frequency. In addition, the impedance is further reduced to 15.99 with a horizontal three-layer soil structure. However, at 1 MHz, a minimum increase in impedance from uniform to horizontal three-layer soil structure is observed. Again, at 4.52 MHz the WTG earthing impedance decreases form uniform to horizontal three-layer soil models. Finally, at 10.54 MHz, the variation in impedance is negligible for different soil structures.
The change in impedance at different frequencies is mainly due to two components. Firstly, due to the change in the reactive component of the impedance. Secondly, due to the resistive component which increases significantly at higher frequencies. As depicted in Fig. 13 , the phase angle is negligible at 5 kHz. However, at 1 MHz a significant increase in phase angle leads to a higher reactive component. Moreover, the phase angle for the horizontal three-layer structure is more than that of two-layer and uniform soil models leading to a higher impedance value. At a frequency of 4.52 MHz, the phase angles drop significantly, even to negative values showing a capacitive reactive component. However, the resistive components have increased significantly leading to an overall increase in the WTG earthing impedance. Finally, at 10.54 MHz, due to a minimum variation of phase angle for different soil structures the change in WTG earthing impedance is negligible. Similar trends are observed for other wind turbine sites considered for this study.
In the third case, a comparison of WTG earthing impedance with frequency independent and dependent soil parameters for all the wind turbine locations is performed. The frequency response of the WTG earthing impedance with frequency dependent soil parameters are analysed at three frequencies, 1 MHz, 4.52 MHz and 10.54 MHz, as the formula for frequency dependent soil parameters are not valid below 10 kHz. For all the wind turbines the frequency dependent soil parameters give the lowest impedance values compared to the frequency independent parameters regardless of soil model, as depicted in Fig. 14 . The reduction in WTG earthing impedance for frequency dependent soil parameters is mainly attributed to the significant reduction in soil resistivity at higher frequencies. Moreover, at some higher frequencies, the WTG earthing system behaviour is capacitive.
In the fourth scenario, the horizontal earth electrodes are connected to the WTG earthing system and compared with the ring electrode alone earthing system. The frequency independent soil parameters are considered for this analysis. Fig. 15 illustrates the effect of connecting horizontal electrodes for different soil structures at various frequencies. As shown in Fig. 15 , for uniform soil resistivity, the WTG earthing impedance reduces to 17.07 from 19.06 at 5 kHz. However, at 1 MHz and 4.52 MHz, an increase in impedance is observed. At 10.54 MHz, the change in impedance with the addition of horizontal electrode is negligible. The reduction in impedance at low frequencies is due to decrease in resistance with horizontal electrode length. With increase in frequencies, the inductance and skin effect of the electrode increases the impedance, as is evident at 1 MHz and 4.52 MHz. The effect of electrode lengths after an effective length has no effect for high frequencies and hence no change in impedance, as observed at 10.54 MHz.
For horizontal two-layer soil structure, the reduction in impedance with horizontal electrodes is significant at 5 kHz, reducing from 16.69 to 9.12 . Also, at the 5 kHz frequency, the impedance decreases to 8.74 from 15.99 for horizontal three-layer soil structure. The ring electrode and horizontal electrodes are buried at a depth of 1 m from the surface of the earth which are in the second layer of the soil structure. The soil resistivity of the second layer is lower compared to the top layer. Also, the rebar structure is extended in the bottom layers of the soil, hence the overall earthing impedance is reduced. Similar effects are observed for all wind turbines with different soil resistivity values.
In the final case, the comparison of WTG earthing impedance with an earthing system comprising of ring & horizontal electrodes for frequency independent and dependent soil parameters is performed. Fig. 16 demonstrates that the frequency dependent soil parameters reduce the earthing VOLUME 7, 2019 impedance at all frequencies for all the soil structures due to the reduced soil resistivity with an increase in frequency. However, it is observed that the reduction is maximum for the horizontal three-layer soil structure. It is important to note that the WTG earthing impedance with the horizontal electrodes is lower than with a ring electrode alone for both frequency independent and dependent soil parameters at low frequencies. The increased impedances are mainly contributed by the inductive reactance of the electrodes.
F. GROUND POTENTIAL RISE
The ground potential rise profile of the WTG earthing system with only ring electrode scenario-1 for WTG-1-T1 under uniform soil structure at a frequency of 5 kHz is observed to be equipotential with a peak potential rise of about 952 kV. The potential value drops by 4% at the periphery of the WTG earthing foundation. The potential is reduced by 36.5% within a few meters from the WTG foundation. For the horizontal two-layer soil structure a similar equipotential profile is observed with a reduction of 12.4%. The potential rise is further reduces by 16% with the horizontal three-layer soil structure. The reduction in potential, a few meters away from the WTG foundation, is due to the concentrated electric fields and the current density at the WTG earthing electrodes.
In the next scenario, the GPR of the earthing system consisting of a combination of ring and horizontal electrodes is analysed. The potential profile exhibits an equipotential nature for all the soil models. However, the peak value of ground potential is reduced for all the soil structures when compared to scenario-1. For the uniform soil structure, the potential reduces by 10.4%. For the two-layer soil structure, the peak potential reduction is 45.3% and 47.6% for the three-layer soil structure (Fig. 17) . The reduction in GPR is mainly due to uniform electric field distribution at the earthing system.
In the third scenario, the potential profile at a higher frequency of 1 MHz is analysed. For the uniform soil structure, the potential profile is different from that of 5 kHz, with high potential spikes at the horizontal electrode connection, with a peak of about 1569 kV.
There is a reduced potential where the WTG connects to the horizontal electrode. A similar profile is observed for horizontal two-layer soil structure with a reduced peak value. However, a different potential profile is observed for threelayer soil structure with more uniform potential with local maxima, as depicted in Fig. 18 . The non-uniform potential distribution at higher frequencies is due to higher current dissipation at the impulse injection point and electrode connection points. It is observed that the earthing system with a combination of ring and horizontal electrodes reduces the potential rise significantly compared to other electrode configurations.
VI. CONCLUSION
This paper discusses a detailed analysis of wind turbine earthing impedance considering several factors. Firstly, the analysis of soil modeling of the measured soil resistivity values is performed. Secondly, the effect of frequency dependent soil parameters on the WTG earthing impedance is quantified. Next, the effects of rebar, horizontal electrodes, soil structures and frequency dependent soil parameters on the WTG earthing impedance are evaluated. Also, the effect of earth electrodes in various soil layers is carried out. Finally, the ground potential rise evaluation is performed. The main contributions of this work are: 1) Based on the analysis, the horizontal three-layer structure is the optimum soil structure with the lowest RMS error. 2) Frequency dependency of soil parameters is critical in wind turbine generator earthing design as the variation in earthing impedance is significant with frequency dependent soil parameters.
3) The inclusion of rebar in the earthing design has a significant diminishing effect on the grounding impedance. This conclusion is based on full wave electromagnetic models that considered the complete foundation structure, which has not previously been reported in the literature. 4) The modelled wind turbine earthing impedance is lowest for a horizontal three-layer soil model at low frequencies. 5) The WTG earthing impedance with frequency dependent soil parameters is lower than with the frequency independent soil parameters. 6) At high frequencies, the horizontal electrodes have a negligible role in determining the WTG earthing impedance. 7) The bottom layer soil resistivity plays a significant role in determining the WTG earthing impedance. 8) The potential distribution is uniform at lower frequencies. The electrode combination of ring and horizontal electrodes reduces the peak potential values. These conclusions will help inform the design of future WTG grounding systems to facilitate the continued worldwide adoption of WTGs as a source of clean and sustainable power. Future work is providing a framework to assess the effectiveness of the WTG earthing system for lightning discharge currents.
